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We carry out a systematic study of the bounds that can be set on Planck-scale deformations of
relativistic symmetries and CPT from precision measurements of particle and antiparticle lifetimes.
Elaborating on our earlier work [1] we discuss a new form of departure from CPT invariance linked
to the possibility of a non-trivial geometry of four-momentum and its consequences for the particle
and antiparticle mass-shells and decay probabilities. Our main result is a collection of experimen-
tal bounds that can be obtained for the deformation parameter of the theoretical model under
consideration based on current data and sensitivities of planned experiments at high energies.
1. THEORETICAL CONSIDERATIONS
Discrete symmetries played a pivotal role in the theoretical and experimental development of particle physics. The
CPT theorem, which ensures invariance of all physical phenomena under the combined action of the three discrete
symmetries, is a direct consequence of the fundamental pillars of quantum field theory: locality and Lorentz invariance
[2]. Any experimental departure from CPT invariance would contrast with such basic principles. As it stands, however,
no experimental signatures contradicting invariance under CPT have been found [3, 4].
A commonly accepted view is that at the Planck scale, i.e. at energies orders of magnitude higher than those
accessible by current experiments, the quantum effects of gravity should drastically alter the structure of space-time
in a regime in which the fate of locality and Lorentz invariance is unclear and thus that of CPT invariance.
In this work we continue our exploration [1, 5] of the effects of departures from CPT emerging in the presence of
Planck-scale deformations of the algebra of relativistic symmetries, specifically we focus on the so-called κ-Poincaré
algebra [6–8, 10]. This model has been studied in the past years as possibly encoding the physics of some flat space-time
limit of quantum gravity. Its main feature is a four-momentum space which is no longer a vector space but a non-
abelian Lie group. Such group is named AN(3) (since three of its generators are abelian and one nilpotent) and can
be described in terms of the Iwasawa decomposition of the five-dimensional Lorentz group SO(4, 1) ≃ SO(3, 1)AN(3)
[11, 12]. This feature ensures a well-defined action of the four-dimensional Lorentz group SO(3, 1) on the group-valued
momenta which geometrically are described by points on a submanifold of the four-dimensional de Sitter space dS4
defined in an embedding five-dimensional Minkowski space as
−p20 + p21 + p22 + p23 + p24 = κ2 ; p0 + p4 > 0 . (1)
The “deformation parameter” κ is set by the curvature of the four-momentum manifold. In previous works [1, 5]
we showed how the profound alterations that the new structure of four-momentum space brings in the context of
quantum field theory lead to peculiar departures from CPT invariance which can be tested by looking at the lifetimes
of particles and their antiparticles. As it turns out, there are alternative ways to approach the question of deformation
of CPT symmetry in the κ-deformed context. One can use the algebraic way, starting with the commutator algebra
of the C, P , and T operators with Poincaré generators. This approach was adopted in the paper [5], where this
commutator algebra was deformed with the help of the non-trivial Hopf algebraic concept of the antipode S being the
generalized minus and co-product, defining the action of the classical Poncaré algebra generators on tensor products
of states.
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2Alternatively, one can take as a starting point the deformed, free quantum field. In what follows we will choose this
route here, borrowing the results from the upcoming paper [13]. In this work we constructed the κ-deformed theory
of a free complex scalar field. The result that concerns us here in the context of CPT symmetry is that the mass-shell
relations for particles and antiparticles are not identical, but deformed in a subtle way. Let us describe this in details.
When embedding coordinates on the momentum manifold are taken as four-momenta of a particle, the associated
translation generators Pµ are elements of the κ-Poincaré algebra expressed in the “classical basis"[14, 15] since the
action of the Lorentz generators on Pµ on one-particle states labelled by four-momenta pµ is the standard one and the
mass Casimir invariant of the algebra is undeformed: P 20 −P2 = m2. A complete characterization of the space-time
symmetries of the theory, however, requires a specification of their action on tensor products of one-particle states,
describing systems with many particles. In the standard Poincaré case the action of symmetry generators follows the
Leibniz rule of derivatives resulting in the total momentum of a two-particles state being the sum of the momenta
carried by its constituents. In the κ-Poincaré context one finds instead that the addition rules for spatial momenta
and energies are given by
(
p(1) ⊕ p(2)
)
i
= p
(1)
i
E(2) + p
(2)
4
κ
+ p
(2)
i , (2)(
E(1) ⊕ E(2)
)
=
1
κ
E(1)
(
E(2) + p
(2)
4
)
+
κE(2) + p(1) · p(2)
E(1) + p
(1)
4
, (3)
where
p4 =
√
E2 − p2 + κ2 . (4)
This non-trivial composition of momenta is a direct consequence of the non-Abelian group law of AN(3) (see ref. [16]
for more details.) Such κ-deformed rule of composition of four-momenta (2) is directly related to the noncommutative
structure of the κ-Minkowski space-time [10] “dual” to the AN(3) momentum space. The spacetime noncommutativity
is encoded in the star product ⋆ of functions on spacetime which for plane waves takes the form
ei(E
(1)
t−p(1)x) ⋆ ei(E
(2)
t−p(2)x) = ei((E
(1)⊕E(2))t−(p(1)⊕p(2))x) , (5)
with ⊕ defined in Eq. (2). Associated to the deformed composition rule we have a notion of the deformed inverse ⊖
reflecting the AN(3) group inversion law, for which (⊖p)i ⊕ pi = pi ⊕ (⊖p)i = 0 where
⊖ pi = −pi
κ
E + p4
≡ S(p)i . (6)
Such deformed inverse (6) is known as antipode and denoted by S(p)i ≡ ⊖pi. Now, we get to our main point: as
mentioned above, the four-momenta of a particle of mass m are related by an ordinary mass-shell relation
p2 −m2 = E2 − p2 −m2 = 0. (7)
For the corresponding antiparticle however, the mass-shell relation is given in terms of the antipode S¯
S¯(p)2 −m2 = S¯(E)2 − S¯(p)2 −m2 = 0, (8)
where the components of the antipode are given by1
S¯(E) = E − p
2
E +
√
κ2 + E2 − p2
,
S¯(p) =
κp
E +
√
κ2 + E2 − p2
. (9)
One can check by the direct computation that the first equality in Eq. (8) implies the second one, and vice versa.
This means that both the particle and the antiparticle belong to the same mass-shell manifold. Moreover, when the
particle is at rest, its momentum p vanishes and E = m. When the antiparticle is at rest its momentum S¯(p) again
is equal to zero and S¯(E) = m.
1
This definition of S¯ differs from the standard one of the antipode S by a sign. This difference is a consequence of the fact that
the momentum space of the antiparticle is a submanifold of de Sitter momentum space antipodal to the submanifold describing the
momentum space of the particle. See Ref. [13] for details.
32. PHENOMENOLOGY OF CPT DEFORMATION
Consider now a particle and its antiparticle at rest in the laboratory frame. For an observer boosted with respect
to this frame with a boost parameter γ the particle has energy and momentum
E = mγ,
|p| = m
√
γ2 − 1. (10)
For the antiparticle, however, the situation is different. According to Eq. (9), its energy and momentum are equal to
S¯(E) = mγ − m
2(γ2 − 1)
mγ +
√
κ2 +m2
,
S¯(|p|) =
κm
√
γ2 − 1
mγ +
√
κ2 +m2
. (11)
We can express the boost parameter γ as a function of energy of the particle γ = E/m obtaining for the energy of
the antiparticle
S¯(E) = E − E
2(1− 1/γ2)
E +
√
κ2 +m2
≈ E − E
2
κ
(
1− 1
γ2
)
= E − p
2
κ
. (12)
This subtle difference between the energy of the particle and its antiparticle (12) reflects on different Lorentz factors
affecting their lifetimes when passing from the rest frames to the laboratory frame. These Lorentz boosts are equal
to E/m for the particle and S¯(E)/m for antiparticle, leading to the different decay probabilities
Ppart =
ΓE
m
exp
(
−Γt E
m
)
,
Papart = Γ
(
E
m
− p
2
κm
)
e
−Γt
(
E
m− p
2
κm
)
, (13)
where t denotes the particle’s proper time and Γ = 1/τ stands for its decay width. At the phenomenological level
this differences can be tested using precision measurements of lifetimes of particles and antiparticles in experiments at
very high energies. Natural candidates for such measurements are the particle-antiparticle pairs, where both objects
in a pair are their mutual CPT images, originating from two-body decays of resonances produced on existing or
planned accelerators: the Large Hadron Collider (LHC) and the Future Circular Collider (FCC) [17], both at CERN.
Such experimental setting is advantageous for our study. Kinematics ensures that in the absence of deformation both
particles have the same energies and fly back-to-back with equal momenta in the resonance rest frame. Transforming
both particles to the laboratory frame and choosing pairs with the same transverse momenta one selects samples
suitable for this study. Since an undeformed CPT transformation leaves energies and three-momenta intact, testing
CPT invariance using pairs of CPT-coupled particles requires that their momenta are equal. Particles in pairs
originating from resonance decays have non-zero transverse momenta such that even boosted using large Lorentz
γ, their momenta remain slightly divergent with small opening angles θ, of the order 10−6 − 10−8 rad for energies
considered here. In order to make the pair strictly CPT-invariant and thus get rid of any differences besides those of
the deformation, the momenta should be aligned by rotating them by ±θ. This is equivalent to assuming neither CPT-
nor Lorentz violation due to anisotropy of space. The latter hypothesis is well supported by experimental results on
search for a possible sidereal-time-dependence of interference of neutral K0, D0 or B0 mesons, where no existence of
an absolute direction in space has been detected with accuracy comparable or better than considered here, and with
much larger rotations in space [4, 18–21].
In Tab. I we present data on several possible decay channels, Lorentz boosts for energies attainable at LHC and
FCC, experimental errors and limits on deformations κ. Crucial for this study is to have very high energy and not too
4heavy particles, since 1/κ corrections to lifetimes are proportional to p2 and to the reciprocal of mass. Concerning
experimental accuracy, the critical quantity is an overall uncertainty of the particle lifetime τ that limits sensitivity
of the measurement of the actual value of κ.
It is worthwile to provide a forecast of limits not only for the lightest particle-antiparticle pairs with the most
accurately known lifetimes, like muons, but also for heavier decay products. As seen from Tab. I, limits on κ obtained
from the muons and pions are of the same order (1014 GeV for LHC and 1016 GeV for FCC) whereas for tau leptons
and mesons containing heavy quarks they are only an order of magnitude weaker. Lighter unstable parent resonances
with masses around or below 1 GeV, like φ(1020)0, ρ(770)0, ω(782)0 orKS, can be more copiously produced in primary
collisions and thus provide better statistical accuracy. Heavier resonances, likeD0, B0, ψ(3770) and heavy bottomonia
Υ(10580) and Υ(10860), may decay into strange, charm or beauty mesons that live significantly shorter than muons
or pions. As seen in Tab. I, for ultrarelativistic energies the γ factor can be as large as 103 − 104 at LHC and
104−105 at FCC. This means that for a long-living particle, e.g. muon with τ = 10−6 s, an accurate determination of
particle’s lifetime in laboratory requires an experimental baseline to be very long since γcτ = 105−106 m at LHC and
106 − 107 m at FCC energies. For short-lived particles, like B± living 10−15 s, even large Lorentz boosts correspond
to γcτ not exceeding centimetres which could make the measurements easier.
TABLE I: Limits on deformation parameter κ for set of particle-antiparticle pairs and energies attainable at LHC and FCC.
Values of decay times with errors and particle masses are from Ref. [24]. In calculations of limits for κ the lifetime accuracies
were assumed everywhere
στ
τ
= 10
−6
. Lorentz boosts γ were calculated for energies 6.5 TeV for LHC and 50 TeV for FCC.
Particle
Parent
resonance
τ [s] M [GeV] Γ
M
στ
τ
(from PDG)
γ
(LHC)
γ
(FCC)
κ = p
2
mδτ
(LHC)
κ = p
2
mδτ
(FCC)
µ
±
J/ψ,Υ 2.2× 10
−6
0.11 2.8× 10
−18
1× 10
−6
6.1 × 10
4
4.7× 10
5
4× 10
14
2× 10
16
τ
±
J/ψ,Υ 2.9× 10
−13
1.8 1.3× 10
−12
1.7× 10
−3
3.6 × 10
3
2.8× 10
4
2.5× 10
13
1.5× 10
15
pi
± KS, ρ
0
, ω
0
D
0
, B
0 2.6× 10
−8
0.14 1.8× 10
−16
1.9× 10
−4
4.6 × 10
4
3.6× 10
5
3× 10
14
1.8× 10
16
K
±
φ
0
, D
0
, B
0
1.2× 10
−8
0.49 1.1× 10
−12
1.6× 10
−3
1.3 × 10
4
1.0× 10
5
8.5× 10
13
5.1× 10
15
D
±
ψ,B
0
1.0× 10
−12
1.9 3.4× 10
−13
6.7× 10
−3
3.5 × 10
3
2.7× 10
4
2.2× 10
13
1.3× 10
15
B
±
Υ 1.6× 10
−15
5.3 0.8× 10
−13
2.4× 10
−3
1.2 × 10
3
0.9× 10
4
0.8× 10
13
0.5× 10
15
The best experimental accuracy of a mean lifetime, 10−6, is achieved for muons. The most significant contribution
to this number comes from a dedicated measurement at low energy where despite the very large event sample the total
error is dominated by the number of events: the statistical error is larger by a factor 3 than the systematic one [22].
For other particles discussed here: τ±, π±,K±, D± and B±, present experimental accuracy is two or three orders of
magnitude worse but, if needed, can be improved in currently working flavour factories like BELLE-II, BES-III and
experiments at LHC. Therefore, in our estimates we assumed the relative lifetime accuracy of 10−6 for each particle.
Currently used experimental techniques provide excellent time resolution. For instance, in the spectrometer used
by LHCb it amounts to 45 fs for wide spectrum of momenta [23] thus ensuring that systematic contribution to
measurements of lifetimes of charged particles should be negligible compared to the statistical one.
A clear distinction between particle and antiparticle is possible due to their decays by using the charge of decay
products. In most cases these are leptonic, semileptonic or hadronic decays where charge of the final-state lepton or
hadron is equal to that of its parents, e.g. µ± → e±νeνµ, π± → µ±νµ, K± → l±νl (l standing for e or µ), K± → π±X ,
etc. If not all decays can be easily identified for experimental reasons, like worse identification or reconstruction
efficiency for some particles, one has to take partial widths and modify decay times accordingly. In Tab. I we do
not list all potentially interesting decay channels. We omit very rare ones, e.g. J/ψ(2S) → nn¯,Λ0Λ¯0,K+K−, or
those with neutral final states where the distinction between the particle and antiparticle would render it additionally
demanding, e.g. if the final states do not contain CPT-coupled particles, as for φ0 → KLKS, or require more complex
identification of neutral final-state particles via decay chains, as for example for ψ(3770) → D0D¯0, Υ → B0B¯0 or
5Υ(10860)→ BsB¯s.
The eigenstates of CPT, such as π0, represent a special case. Since π0 is its own antiparticle, in a two-pion state
created in the decay KS → π0π0, pions can be distinguished only kinematically, according to the four-momentum
transformation −S(p), but their quantum numbers remain the same. Predictions for κ from KS → π0π0 decay are
close to that for the KS → π+π−, although for the neutral channel the lifetime is twice that big and its relative
accuracy is twice worse, compared to the charged channel.
Let us now elaborate on another important point of our analysis. As noticed long time ago in Ref. [26], decay laws
have to account for non-zero widths of mass distributions by using the propagator of decaying particle. Thus the
time- and momentum-dependent decay amplitude a(t,p) is given by a distribution ω(m;M,Γ) of the resonance mass
m, with a mean mass M and decay width Γ:
a(t,p) =
∫ ∞
−∞
dmω(m;M,Γ) e−it
√
m
2
+p
2
, (14)
and the decay probability is equal to P(t,p) = |a(t,p)|2. In the non-relativistic approximation, the resonance mass
distribution is approximated by the Breit-Wigner distribution
ω(m;M,Γ) =
Γ
2π
1
(m−M)2 + (Γ/2)2 , (15)
whereas in the more general, relativistic case it is given by
ω(m;M,Γ) =
f(M,Γ)
(m2 −M2)2 +M2Γ2 , (16)
where f(M,Γ) = 2
√
2
pi
MΓ
√
M
2
(M
2
+Γ
2
)[
M
2
+
√
M
2
(M
2
+Γ
2
)
]1/2 and does not depend on m. Some refinements of ω may be considered in
the vicinity of thresholds for certain decay channels [25] but this could only negligibly affect our main findings here
and we do not elaborate on them. Since we are concerned here with ultrarelativistic particles, our discussion focuses
on the relativistic Breit-Wigner distribution (16). Accounting for the non-trivial antipode S(E) and using pole at
m2 = M2 + iMΓ, one gets for ω given by Eq.(16)
a(t,p) =
∫
dm
f(M,Γ)
(m2 −M2)2 +M2Γ2 e
−it(
√
m
2
+p
2−p2/κ)
= e−it(
√
M
2
+p
2
+iMΓ−p2/κ). (17)
The new decay width Γ˜ can be calculated as imaginary part of the exponent’s argument in Eq. (17). Since the
κ-dependent term contributes only to the real part of it, Γ˜ depends on M and Γ and momentum p but not on κ:
Γ˜ = 2ℑ
(√
M2 + p2 + iMΓ− p
2
κ
)
=
√
2
[√
(M2 + p2)2 +M2Γ2 − (M2 + Γ2)
]1/2
. (18)
It has to be clarified here that independence of Γ˜ of κ in Eq. (18) only means a lack of specific, deformation-dependent
corrections to the decay width from using the Breit-Wigner distributions of the decaying particle mass instead of its
sharp value. On the other hand, the correction term p2/(2mκ) to Γ in Eq. (13) is determined from the experimentally
measured energy and momentum of the particle transformed using deformed CPT and it is always present in our
model.
The formula (18) for the momentum- and mass-dependent decay width can be further simplified by using the
smallness of the Γ/M ratio, the latter amounting to the order 10−12 for τ± and 10−16 for π± and µ± (cf. Table I).
Expanding Eq. (18) to linear terms in Γ/M one gets
Γ˜ =
MΓ√
M2 + p2
+O(Γ2/M2), (19)
meaning that time in a moving frame is delayed by the Lorentz factor γ =
√
M2 + p2/(MΓ). This approximation is
valid with good accuracy since Γ/M is of the order 10−12 in the worst case of τ± and K±, and 10−18 in the best case
6of µ±. It can be checked that terms proportional to Γ2/M2 scale like 1/γ4 thus giving corrections to Γ˜ not exceeding
10−12 − 10−16 for LHC and 10−16 − 10−20 for FCC. This means that possible contributions to the decay time coming
from non-exponential corrections to the decay law are by far smaller than present experimental accuracy and thus we
do not need to take them into account in our analysis.
In this paper we derived various bounds that can be set on the deformation parameter κ describing Planck-
scale relativistic kinematics as characterized by the κ-Poincaré algebra using precision measurements for lifetimes of
particles vs. antiparticles. We found that the best bound from current data to be κ . (3 − 4)× 1014 GeV obtained
for measurements of lifetimes of muons and pions. Using future planned facilities this limit can be pushed up to
κ . 2 × 1016 GeV. We pointed out that there is room for improvement in the sensitivity for measurements of other
types of particles. Possible progress in detection techniques leading to better time resolution can move the limits on κ
even further. Particularly interesting would be imaging technologies based on femtosecond lasers that could hopefully
improve time resolutions to be ∼ 1 fs [28].
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